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Abstract: Pulsed electromagnetic fields (PEMFs) are used as non-invasive tools to enhance micro-
circulation and tissue oxygenation, with a modulatory influence on the microvasculature. This 
study aimed to measure the acute effect of PEMF on muscle oxygenation and its influence on pul-
monary oxygen kinetics during exercise. Eighteen male cyclists performed, on different days, a con-
stant-load exercise in both active (ON) and inactive (OFF) PEMF stimulations while deoxyhemoglo-
bin and pulmonary oxygen kinetics, total oxygenation index, and blood lactate were collected. 
PEMF enhanced muscle oxygenation, with higher values of deoxyhemoglobin both at the primary 
component and at the steady-state level. Moreover, PEMF accelerated deoxyhemoglobin on-transi-

tion kinetic, with a shorter time delay, time constant, and mean response time than the OFF con-
dition. Lactate concentration was higher during stimulation. No differences were found for total 
oxygenation index and pulmonary oxygen kinetics. Local application of a precise PEMF stimula-
tion can increase the rate of the muscle O2 extraction and utilization. These changes were not ac-
companied by faster oxygen kinetics, reduced oxygen slow component, or reduced blood lactate 
level. It seems that oxygen consumption is more influenced by exercise involving large muscle 
mass like cycling, whereas PEMF might only act at the local level. 
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1. Introduction 
Pulsed electromagnetic field (PEMF) therapies were first approved for human use 

by the US Food and Drug Administration (FDA) in 1979. Noninvasive PEMF therapies 
yield several benefits in the treatment of acute and chronic tissue inflammation [1]. In the 
cellular culture of human skin, PEMF was able to mediate gene expression involved in 
the acute phases of inflammations [2]. The stimulation led to a reduction in pro-inflam-
matory cytokines, such as interleukin 1-beta, with the increment of enzymes involved in 
the removal of reactive oxygen species. This might explain the positive influence of 
PEMF in the treatment of delayed onset muscle soreness (DOMS) after exercise [3]. Re-
garding tissue oxygenation and microcirculation in rat muscles, PEMF was able to en-
hance vascularization and increased the diameter of arterioles after 2 min of acute stim-
ulation [4]. Moreover, Rolando et al. [5] showed enhanced angiogenesis after 12 weeks 
of stimulation, with a significant increase in neovascularization. In a cell-free prepara-
tion, 10 min of PEMF treatment was able to increase the rate of hemoglobin deoxygena-
tion, observable up to 150 min after stimulation [6]. Such responses could be caused by 
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a modulation of nitric oxide through the interaction between PEMFs and Ca2+/nitric ox-
ide/cGMP/protein kinase G signal [7]. Angiogenesis would be generated from the pro-
longed stretch of vessel walls in response to the release and to the vasodilatory effect of 
nitric oxide [8]. In adult people, it has been found that PEMF could affect peripheral re-
sistance and microcirculation, with a decrease in systolic blood pressure [9]. Mayrovitz 
and Larsen [10] explored the consequence of a PEMF exposure (27.12 MHz, 600 pulses/s, 
0.1 mT) on human skin microcirculation. A laser doppler probe was positioned on both 
forearms of healthy participants. It was shown that 40 min of stimulation augmented sig-
nificantly blood perfusion in the exposed arm (by 29%) and unchanged perfusion in the 
control arm. Additional use of the pulse sequence used by Mayrovitz and Larsen was 
efficacious in rising blood perfusion in peri-ulcer skin microcirculation, enhancing capil-
lary blood velocity and diameter in diabetic patients [11,12]. 

To the best of our knowledge, no investigation has evaluated the effects of PEMF on 
the human muscle tissue level during exercise, and, more precisely, on factors of endur-
ance capacity that are related to performance—such as faster oxygen kinetics, reduced 
oxygen slow component, or reduced blood lactate level—at high submaximal workload. 
The rate at which pulmonary O2 uptake increases after the onset of exercise is a determi-
nant of sport performance and an indicator of well-done state of oxidative energetic sys-
tem activity [13]. Specifically, a faster increase in VO2 after the onset of exercise indicates 
a greater muscle O2 utilization is a feature common in elite athletes and trained subjects 
due to the lower mismatch between muscle oxygen delivery and utilization [14]. 

Considering the influence of PEMF on microcirculation, vascularization, and tissue 
oxygenation, seen above, and given that endurance exercise changes the microvascular 
oxygenation profile following the onset of contractions [15], we sought to evaluate the 
effect of PEMF stimulation on muscle tissue oxygenation and its influence on pulmonary 
oxygen kinetics during heavy aerobic exercise in cyclists. We collected both tissue oxy-
genation index (TOI) and deoxyhemoglobin (HHb) values, which are influenced by skin 
blood flow in the former, and reflect the rate of the muscle O2 extraction and utilization in 
the latter [16]. We hypothesized that PEMF stimulation should result in higher O2 muscle 
supply during exercise through increased O2 release and uptake. Moreover, we expected 
faster HHb kinetics due to the increased muscle O2 availability leading to faster adaption 
of workload and a decrease in O2 deficit related to the metabolic demand. 

2. Materials and Methods 
2.1. Subjects and Design 

Experiments were performed on 18 male cyclists (mean ± SD: age 21.6 ± 4.7 years; 
body mass index 22.7 ± 3.3 kg/m2; VO2peak 55.2 ± 9.7 mL/min/kg; weight 71.4 ± 11.8 kg; 
height 177.3 ± 6.4 cm). All athletes were volunteers, healthy, and non-smokers, and none 
of them were taking medications or supplements. None of the cyclists reported a physical 
deficit or muscular injury at the time of the study. All subjects received a verbal explana-
tion of the experimental procedures, and informed consent was obtained before the be-
ginning of recordings. In agreement with the Declaration of Helsinky, the experimental 
protocol was approved by our University Institutional Ethic Committee. The study design 
was a single-blind, randomized controlled trial. 

2.2. Experimental Procedures 
Each participant visited our laboratory 5 times over a 4-wk period, during which we 

performed different recordings. During visit 1, we recorded an incremental test to exhaus-
tion on a cycle-ergometer (H-300-R Lode), necessary to individualize the workload for the 
succeeding recording sessions through the detection of ventilatory threshold (VT) and 
peak oxygen consumption (VO2peak). Participants performed 5 min of warm-up cycling at 
50 W, after which the work rate, starting at 80 W, was increased by 20 W/min until the 
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volitional exhaustion [17,18]. Participants cycled at 70–80 rpm and this pedal rate was re-
produced in subsequent constant-load exercises. Breath by breath pulmonary gas ex-
change values were recorded non-stop during the incremental exercise tests and averaged 
every 1 s. The VO2peak was taken as the highest 20 s mean value attained until volitional 
exhaustion. VT was obtained considering: (i) the first unbalanced rise in CO2 production 
(VCO2) from visual examination of individual plots of VCO2 vs. VO2; (ii) an increase in 
expired ventilation (VE/VO2) with no increase in VE/VCO2; and (iii) an increase in end-tidal 
O2 tension with no fall in end-tidal CO2 tension. The data recorded during the incremental 
test were used to calculate the work rates used during the subsequent constant-load exer-
cise tests. Precisely, the workload for each athlete (mean ± SD: 308.2 ± 61.8 watt) was set 
to ~50% of the difference between power reached at ventilatory threshold (VT) and at 
VO2peak (~50% Δ VT-VO2peak). Expired gas was recorded using the Quark b2 breath-by-
breath metabolic system (Cosmed, Rome, Italy). 

During the following four visits, athletes performed 6 min of heavy constant-load 
exercise both during active (ON) and inactive (OFF) PEMF stimulation. The four sessions 
were performed in random order. Two PEMF loop-antenna devices (Torino II, Rio Grande 
Neurosciences, USA) were positioned on the right leg, one at the upper and one at the 
lower thigh level. The PEMF waveform consisted of a pulse-burst modulated 27.12 MHz 
sinusoidal carrier, with a 2 ms burst width repeated at 2 Hz, with peak magnetic field at 
the center of the loop 5 ± 1 μT. The two circular 20 cm loops were applied on the thigh in 
both experimental conditions (ON and OFF) because the stimulation was not perceived 
by the subjects at the cutaneous level (single-blind). 

Heavy constant-load exercise was performed on the same cycle-ergometer, under a 
standardized procedure, in a quiet chamber with a steady and comfortable temperature 
(22 °C), at the similar day time (9:00–12:00 AM) to prevent circadian effect [19,20]. Subjects 
were asked to refrain from caffeine intake before the tests and were recommended to 
avoid physical activity and alcohol in the 12h prior the test. After 10 min of free warm-up 
and 5 min of rest, the athletes started the recording session with 1 min of unloaded cycling 
(baseline), followed by an instantaneous increase in the individualized power, which was 
attained in ~3s. Pulmonary O2 uptake was collected with the Quark b2 breath by breath 
metabolic system (Cosmed, Rome, Italy); meanwhile, for muscle oxygenation we used a 
near-infrared spectroscopy (NIRS, NIMO, Nirox s.r.l. Italy), a noninvasive and validated 
method which used different light absorptions of hemoglobin (Hb) and myoglobin related 
to their oxygen saturation [21]. 

To record HHb and TOI values during cycling, the NIRS probe, with a continuous 
wave with a sampling rate set at 40 Hz, with an emitter and detector pair, was firmly 
located on the skin above the lower third of the right vastus lateralis (VL) muscle (about 
12 cm upon the proximal border of patella and 3 cm lateral to the midline of the thigh), 
and held with a band of Velcro straps [22]. Elastic strappings were placed around the 
muscle probe to avoid corruption from localized light. Pen marks were made above the 
skin to indicate the boundaries of the plastic spacer to check for any movements of the 
probe during cycling. Before starting the trial, we measured the skinfold thickness of VL 
by a caliper (Holtain) in order to carry out fat layer correction [23]. 

A blood sample was performed from the right ear lobe for lactate measurements 
(Lactate Scout, SensLab, Germany) at the baseline (before the beginning of each trial) and 
at the third minute of the constant-load exercise, in both experimental conditions. 

2.3. Data Analysis 
Breath by breath VO2 values acquired in the several repetitions of the same constant 

load exercise (ON; OFF) were time aligned, interpolated on a second-by-second basis and 
then superimposed for each athlete. Then, we averaged VO2 values every second and used 
it for kinetics analysis. The same procedure was followed for HHb values. Data collected 
during the first 20 s of the on-transition (equivalent to the “cardio-dynamic phase”) were 
removed from the analysis. The baseline (unloaded cycling) of HHb and VO2 was defined 
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as the mean value measured 30 s before transition. In order to evaluate VO2 and HHb on-
kinetics, data were fitted by nonlinear regression functions: 

VO2(t) = VO2bas + Ap * [ 1 − e - (t - TDp)/τp ] + As * [ 1 − e – (t -TDs/τs) ] (1)

HHb(t) = HHbbas + Ap * [ 1 − e - (t - TDp)/τp ] + As * [ 1 − e – (t -TDs/τs) ] (2)

where VO2(t) is the pulmonary oxygen uptake during the entire trial; HHb(t) is the value 
of deoxyhemoglobin of vastus lateralis during the entire trial; VO2bas is the pulmonary ox-
ygen uptake at the baseline; HHbbas is the value of deoxyhemoglobin of vastus lateralis at 
the baseline; Ap is the amplitude of the primary component, as the difference between VO2 

or HHb at the baseline with the VO2 or HHb reached at the steady-state (as mean of the 
last 30 s); TDp is the time delay of the primary component; τp is the time constant (tau) of 
the primary component; and As is the amplitude of the slow component, as the difference 
between VO2 or HHb reached at the steady-state with the VO2 or HHb mean values of the 
last 30 s of exercise (as usually quantified by calculating the difference between 3 and 6 
min of constant load exercise). TDs is the time delay of the slow component and τs is the 
time constant (tau) of the slow component. We measured the magnitude and the percent 
contribution of the slow component to the total amplitude of the response. 

We also calculated the gain of VO2, as the increase in VO2 above baseline to the 
reached steady-state and corrected for individualized workload (WL), according to this 
equation: 

Gain = (VO2 [150sec-180sec] -VO2bas)/WL (3)

The model parameters were obtained from the least-squares nonlinear regression, in 
which the convergence criteria were satisfied by minimizing the sum of squared error. 
Although many powerful and dedicated software packages have been developed for re-
gression analysis, we used the Solver add-in bundled with Microsoft Excel [24–26]. 

The TOI values of the vastus lateralis during baseline, at 60 s, and at 180 s (±15 s) of 
the constant-load exercise were subsequently calculated. 

2.4. Statistical Analysis 
All data are shown as means ± SEM. Values were compared with a Paired sample t-

test with means considered significantly different at p < 0.05. To determine the magnitude 
of the stimulation effects, effect sizes (ES) were calculated as the mean difference stand-
ardized by the between subject standard deviation and interpreted according to the fol-
lowing thresholds: <0.20; small, >0.20–0.60; moderate, >0.60–1.20; large, >1.20–2.00; very 
large, >2.00–4.00; extremely large, >4.00 [27]. Data were analyzed with SPSS v22.0 (IBM, 
New York, NY, USA). 

3. Results 
Tables 1 and 2 show the mean values for VO2 and for HHb kinetics recorded in both 

experimental conditions. For VO2 kinetics, analysis have not shown any significant differ-
ences between conditions (ON vs. OFF). VO2 on-kinetics analysis for a representative sub-
ject is presented in Figure 1. 
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Figure 1 Model fit for VO2 kinetics between conditions, OFF (black dot) and ON (grey square) for 
a typical subject. Vertical dotted line at time 0 represents the transition from unloaded cycling 
(baseline) to constant load exercise. Horizontal dashed line represents the baseline. Data points are 
average values calculated each second. 
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Table 1. Mean values (±SEM) of VO2 on-kinetics recorded during constant load exercise in both conditions (PEMF OFF; PEMF ON). Base, baseline; Ss, steady-state; Ap, 
amplitude of primary component; TDp, time delay for primary component; τp, tau for primary component; As, amplitude of slow component; TDs, time delay for slow 
component; τs, tau for slow component; MRTp, mean response time for primary component; MRTs, mean response time for slow component; Sc, magnitude of slow 
component. 

 Base 
(L/min) 

Ss 
(L/min) 

Ap 
(L/min) 

TDp 
(sec) 

τp 
(sec) 

As 
(L/min) 

TDs 
(sec) 

τs 
(sec) 

MRTp 
(sec) 

MRTs 
(sec) 

Sc 
(L/min) 

Sc 
(%) 

Gain 
(ml/min/kg) 

OF
F 

0.93 ± 
0.00 

3.45 ± 
0.10 

2.52 ± 
0.10 

19.15 ± 
1.50 

19.55 ± 
1.50 

0.54 ± 
0.00 

107.26 ± 5.90 93.78 ± 15.80 38.70 ± 
1.80 

201.04 ± 15.60 0.24 ± 
0.00 

6.24 ± 
0.90 

8.88 ± 0.20 

ON 0.94 ± 
0.00 

3.46 ± 
0.10 

2.52 ± 
0.10 

18.44 ± 
2.20 

17.94 ± 
1.60 

0.51 ± 
0.00 104.50 ± 10.10 90.21 ± 12.67 

36.38 ± 
2.60 194.71 ± 15.10 

0.25 ± 
0.00 

6.26 ± 
0.80 8.88 ± 0.20 
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For HHb kinetics, we found that HHb tended to be higher (mean: 25.63 ± 4.1 vs. 23.21 
± 5.5 uM for ON and OFF, respectively, p = 0.062; d = 0.50) when subjects were stationary 
on the bike, just before the baseline started. Analysis showed a significant difference be-
tween mean values at steady-state (t(17) =−1.751; p = 0.049; ES = 0.17-small), for the ampli-
tude (t(17) = -2.306; p = 0.017; ES = 0.24-moderate), TD (t(17) = 2.609; p = 0.009; ES = 0.33-mod-
erate), τp (t(17) = 2.296; p = 0.017; ES = 0.28-moderate), and MRTp (t(17) = 3.531; p < 0.01; ES = 
0.41-moderate) of the primary component, and for TD (t(17) = 1.760; p = 0.048; ES = 0.2-mod-
erate) of the slow component. HHb on-kinetics analysis for a representative subject is pre-
sented in Figure 2. There were no differences in TOI values between conditions (p > 0.05; 
Figure 3). 

Finally, blood lactate (mmol/L) measured at the third minute of the constant-load 
exercise was significantly higher (t(17) = −5.14; p < 0.001; ES 0.50-moderate) during stimula-
tion (10.37 ± 0.68 mmol/L) compared to OFF (7.52 ± 0.46 mmol/L) condition. 

 
Figure 2. Model fit for HHb kinetics between conditions, OFF (black dot) and ON (grey square) for 
a typical subject. The first 60 s represent HHb values recorded when subject was stationary on the 
bike, just before baseline values (subsequent 60 s). Vertical dotted line at time 0 represents the 
transition from unloaded cycling (baseline) to constant load exercise. Horizontal dashed line rep-
resents baseline. Data points are average values calculated each second. 

 
Figure 3. Vastus lateralis tissue oxygenation index (TOI) kinetics following acute PEMF stimula-
tion (ON) and sham condition (OFF). Vertical dotted line at time 0 represents the transition from 
unloaded pedaling (baseline at 0 W) to constant-load exercise. Data points are average values (%) 
calculated each second. 
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Table 2. Mean values (± SEM) of HHb on-kinetics recorded during constant-load exercise in both conditions (PEMF OFF; PEMF ON). Base, baseline; Ss, steady-state; Ap, 
amplitude of primary component; TDp, time delay for primary component; τp, tau for primary component; As, amplitude of slow component; TDs, time delay for slow 
component; τs, tau for slow component; MRTp, mean response time for primary component; MRTs, mean response time for slow component; Sc, magnitude of slow 
component. Asterisk indicates significant differences at p < 0.05. 

 
Base 
(µM) 

Ss 
(µM) 

Ap 
(µM) 

TDp 
(sec) 

τp 
(sec) 

As 
(µM) 

TDs 
(sec) 

τs 
(sec) 

MRTp 
(sec) 

MRTs 
(sec) 

Sc 
(µM) 

Sc 
(%) 

OFF 33.34 ± 4.20 60.70 ± 4.10 27.36 ± 2.30 7.80 ± 1.10 8.10 ± 1.20 8.95 ± 1.80 97.56 ± 13.30 111.44 ± 17.10 15.90 ± 1.60 209.00 ± 17.10 1.99 ± 0.40 2.77 ± 0.40 

ON 34.34 ± 4.70 67.58 ± 5.00* 33.40 ± 3.30* 4.90 ± 0.80* 5.66 ± 0.70* 8.43 ± 2.20 75.57 ± 11.70* 137.85 ± 19.40 10.56 ± 1.10* 213.42 ± 25.90 2.56 ± 0.50 3.43 ± 0.70 
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4. Discussion 
The main result of this study is that PEMF stimulation, applied during heavy con-

stant-load exercise, increases the velocity and the quantity of muscle O2 available. The 
greater muscle O2 extraction induced by stimulation accelerated the HHb kinetics without 
affecting the tissue oxygenation index or the pulmonary VO2 kinetics. Different studies 
have established the incidence of a good correlation between the HHb signal recorded 
with NIRS and the fractional O2 extraction in animals and in exercising human muscles, 
and the concept is further strengthened only if the tissue oxygenation index remains con-
stant. This is because TOI includes oxyhemoglobin (HbO2), which is more significantly 
influenced by skin blood flow, occurring for thermoregulatory reasons due to exercise 
with respect to HHb (for a review see [16]). 

During PEMF stimulation, we observed a tendency toward a greater change and 
faster kinetic of HHb concentration. PEMF was able to induce a muscle O2 availability, but 
at the same time, the stimulation was not sufficient enough to speed up and change the 
pulmonary VO2 on-transition kinetics. These variations at the muscle level were not ac-
companied by an improvement in endurance performance, such as the changes of the VO2 
on-kinetics (speeding up of its phase II with the decrease in the slow component). This 
result can be clarified by the fact that the maximal cardiac output places a limitation on 
muscle blood flow and oxygen delivery to muscles employed during high intensity con-
stant-load exercise that involves large muscle mass (i.e., during cycling), whereas PEMF 
might act only at the local level. Some authors found that the lack of faster oxygen kinetics 
in conditions where oxygen transport has been augmented is evidence that a metabolic 
mechanism, independent of oxygen, limits oxidative phosphorylation at the exercise onset 
(for more information see [28]). Given that our data demonstrate an accelerated O2 release 
at muscle level, the higher metabolism and/or the recruitment of type II muscle fibers at 
the onset of heavy exercise could be the procedure responsible for the slower oxygen ki-
netics [29]. Type II muscle fibers exhibit higher O2 costs during cycling and show slower 
VO2 on-kinetics in comparison to type I oxidative fibers, which might explain the slower 
VO2 responses. These results reinforce the concept that slower VO2 on-kinetics may be 
linked not only to the intracellular components related to aerobic metabolism, but also 
connected to the divergence between oxygen delivery and utilization at tissue level [30]. 
A faster modification of blood flow or the removal of limitations related to O2 diffusion at 
the periphery did not accelerate the VO2 kinetics response in isolated muscle [31]. Accord-
ing to Murias et al. [30], our findings propose that when τs is fewer than 20 s, oxygen 
delivery and utilization are well-matched, so additional provision of O2 may not result in 
quicker VO2 kinetics. In fact, when the rate of adjustment in pulmonary VO2 on-kinetics 
was reduced to the level that it became comparable to the rate of adjustment of HHb on-
kinetics, no additional accelerating of VO2 kinetics was detected with supplementary 
training [32]. Together, these values support the role of microvascular O2 delivery as a 
constraint to muscle O2 utilization, meaning that there could be a point above which VO2 
kinetics is limited primarily by the rate of adjustment of O2 delivery within the tissues. 
Importantly, accelerating the time course of the matching between muscle O2 delivery to 
O2 utilization can speed up the rate of adjustment when the time constant is longer than 
20 s; nevertheless, when it is less than 20 s, it would appear that the modifications of VO2 
are principally administered by intracellular processes [30]. 

The amplitude of the HHb primary component is interrelated to muscle O2 release 
and homogeneity of perfusion. Based on a previous study [4], we hypothesized that PEMF 
stimulation enhanced microcirculation through an increase in arteriole diameter. In addi-
tion, we supposed that the interaction between stimulation and Ca2 + /NO/cGMP/protein 
kinase G led to a modulation of nitric oxide (NO) signal, which facilitates the release of O2 
in muscles during contraction by enhancing muscle microvascular oxygenation [7,33]. As 
postulated by Fick’s law of diffusion, the oxygen pressure in the microvasculature (i.e., 
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muscle PO2mv) is the driving force for blood–myocyte O2 transfer. During metabolic de-
mand, the skeletal muscle PO2mv on-kinetics is determined by the dynamic matching be-
tween oxygen delivery and utilization (i.e., QO2/VO2 ratio) [34]. Previous reports show that 
changes in NO levels influence muscle PO2mv during transitions of metabolic demand, 
suggesting that augmented NO-mediated function could, at least in part, enhance muscle 
microvascular oxygenation in trainers [35]. More recently, Cocksedge et al. [36] found that 
beetroot juice (supplements rich of NO3−) has no effect on TOI, VO2 kinetics, and exercise 
tolerance when severe intensity exercise (similar to our results; 3.49 vs. 3.46 l/min) oc-
curred in normoxia with respect to hypoxia. The authors concluded that NO supplemen-
tation during severe exercise is related to the level of muscle deoxygenation sustained 
during such exercise intensity. Besides, it is probable that NO supplementation has a ma-
jor role during exercise conducted in altitude, in persons with higher type II muscle fibers, 
and in populations with impairments in muscle oxygen delivery. The possible release of 
NO is a significant factor of the metabolic inertia to the VO2 dynamics during exercise 
conducted at a higher intensity. The specific mechanism by which NO contributes to the 
metabolic inertia at exercise onset is unclear but, in vitro, it has been verified that NO 
competes with O2 at the mitochondrial level [37]. Although our results cannot discrimi-
nate between ‘‘metabolic’’ and ‘‘O2 delivery’’ factors, which reduce VO2 on-kinetics, we 
can suppose that intracellular features would slow the VO2 on-kinetics to the level de-
tected in the present study, but more studies are needed to explore this phenomenon. 

Blood lactate level, recorded at the third minute of exercise, was significantly higher 
during stimulation, suggesting a possible influence of PEMF on muscle activity and on 
the glycolytic metabolism of type-II muscular fibers [38]. This effect could be caused by 
the change of membrane permeability and Ca2+ channel conduction, enhancing ion flux 
and cellular concentrations [39] that improve contraction mechanisms during exercise. A 
recent study [40] has showed that NO3- changes contractile properties and metabolic 
and/or vascular control in fast-twitch muscle fibers. Precisely, it has been found that NO 
supplementation speeds up pulmonary VO2 and muscle HHb kinetics during the transi-
tion from moderate to severe exercise intensity compared to placebo juice. Given that this 
intensity would be expected to recruit type II muscle fibers, Breese et al. concluded that 
NO supplementation could have precise effects on metabolic and/or vascular control in 
fast-twitch human muscle fibers, in accordance with previous research in rodents [41]. 
Surprisingly, this was not associated with a reduced blood lactate level. As expected, these 
selective VO2 and HHb effects should have provided the mechanistic basis (increase the 
O2 delivery to O2 utilization ratio, with enhanced oxidative function) for the reduced 
blood lactate level, as it was found in rodents [41]. Breese et al. did not do an explanation. 
We do not know why, in our study, lactate was not reduced (but increased) with respect 
to the sham stimulation. We could hypothesize that PEMF increased the magnitude of 
muscular response, especially the activity of the type-II muscular fibers, as typically re-
cruited when intensity of the exercise exceeds ventilatory threshold, and related to the rise 
of VO2 slow component [42]. Moreover, the lactate is crucial for muscles to make cytosolic 
NAD + and necessary to ATP regeneration from glycolysis, protecting muscles from aci-
dosis. Lactate utilizes two protons necessary to delay acidosis, promoting proton elimina-
tion from muscles [43]. 

5. Conclusions 
The present study reinforces the theory that the local application of a precise PEMF 

waveform can stimulate the rate of muscle oxygen extraction and utilization. These sig-
nificant changes at the muscle level were not supported by an improvement in the pre-
dictable estimators of endurance performance, such as changes in the VO2 on-kinetics 
(speeding up of the primary phase and decrease in the slow component). PEMF stimula-
tion could be used to augment muscle O2 availability during training sessions. It remains 
to be elucidated why stimulation did not speed up the VO2 on-transition kinetics and did 
not reduce (but increased) lactate levels. Further investigations are needed in terms of 
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stimulation parameters (e.g., time, frequency, duration) and different exercise protocols. 
Moreover, although we have applied it to athletes, it could be important to direct future 
studies on patients and older adults whose agility and life quality are limited by an im-
pairment in oxygen delivery and utilization. These people could enormously benefit from 
therapeutic approaches that increase their oxygen availability, a valuable aim for forth-
coming investigations. 
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